• Hypoxia shapes the CLL lymph node microenvironment by acting through the A2A adenosine receptor.
Introduction
Chronic lymphocytic leukemia (CLL) is characterized by the progressive expansion of a population of monoclonal B lymphocytes expressing CD5 and CD23, which colonize the bone marrow (BM), peripheral blood (PB), and lymph nodes (LNs). 1 A proportion of the leukemic clone renews daily, 2 with proliferation occurring almost exclusively in LNs. 3 It is within anatomic structures (the so-called proliferation centers) found in the LN that CLL cells encounter antigen together with costimulatory signals that drive proliferation and expansion. 4, 5 Significant advances have been made in the therapy of CLL with the introduction of tyrosine kinase inhibitors. Bruton tyrosine kinase (Btk) and phosphatidylinositol 3-kinase inhibitors achieve long-lasting responses in the majority of patients, improving outcome with relatively limited toxicities. 6, 7 However, these new drugs do not cure CLL patients. Hence, the identification of drug combinations to treat and ultimately cure the disease is a high priority.
Extracellular nucleotides and nucleosides are part of an evolutionarily conserved and highly sophisticated extracellular network that controls scavenging of precious components, at the same time modulating cellular responses through the activation of different purinergic receptors. 8 High concentrations of ATP (5-10 mM) are present in the intracellular compartment, whereas low concentrations are typically available extracellularly. However, under conditions of increased cellular turnover and/or inflammation, such as those present in the tumor microenvironment, extracellular nucleotide levels can surge. 9, 10 ATP may then bind specific type 2 purinergic receptors, which activate a signaling cascade, or it may be enzymatically converted to adenosine, a potent immunosuppressant, through a chained reaction controlled by CD39 and CD73 ectoenzymes. CD73, considered rate-limiting in the generation of adenosine, 11 is overexpressed by different tumors, including leukemia. 12, 13 Our previous work showed that CD73 is expressed in a subset of CLL cells, which are characterized by clinical and molecular markers of unfavorable prognosis.
14 CD73 expression is dynamically modulated in response to a number of extracellular conditions, including hypoxia, a common feature of the leukemic microenvironment. 15 HIF-1a and HIF-2a are the 2 main transcription factors regulated by hypoxia that support tumor progression by activating specific genetic programs. 16, 17 In vivo evidence confirms that hypoxia acts partly through the activation of A2A adenosine receptor signaling. 18, 19 Although circulating CLL cells constitutively express a transcriptionally active HIF-1a, 20 its role in regulating CLL survival and its mechanisms of action remain incompletely understood. 21 This work is based on data indicating that adenosine and hypoxia collaborate in modifying the tumor microenvironment in a protolerogenic and tumor-supportive way. 22, 23 Here, we show that CLL cells hosted in proliferation centers of LNs overexpress functional HIF-1a. In this compartment, genes coding for molecules regulating adenosine production and signaling are upregulated. Our in vitro data indicate that inhibition of the adenosinergic axis restores immune competence, suggesting that it can contribute to CLL eradication in combination with targeted therapies.
Methods
Patient samples and culture conditions CLL samples were obtained in accordance with institutional guidelines and the Declaration of Helsinki. CLL cells and nurse-like cells (NLCs) were obtained as described in supplemental Methods. Culture conditions were 21% (normoxia) or 1% (hypoxia) O 2 , 5% CO 2 at 37°C.
Human CLL xenograft model
The model is described fully in supplemental Methods.
Immunohistochemistry and immunofluorescence microscopy
Formalin-fixed, paraffin-embedded sections of LNs infiltrated by CLL cells and reactive LNs were stained and analyzed as specified in supplemental Methods.
RNA extraction and qRT-PCR
Quantitative real-time PCR (qRT-PCR) was performed using the 7900 HT Fast Real Time PCR System (SDS2.3 software). Gene expression was calculated relative to actin B (RE ACTB). Primers and further details are provided in supplemental Methods.
HPLC measurement of adenosine 59-monophosphate, adenosine, and inosine Nucleotide metabolism was analyzed by high-performance liquid chromatography (HPLC), as described in supplemental Methods.
Apoptosis and proliferation assays
Apoptosis was measured using the Annexin V FITC Apoptosis detection kit (Immunostep, Salamanca, Spain). For T-cell proliferation, carboxyfluorescein diacetate succinimidyl ester labeling was performed, as detailed in supplemental Methods.
Flow cytometry, cell sorting, and western blot analysis
Full details are provided in supplemental Methods.
Chemotaxis assay
Chemotaxis experiments were performed on peripheral blood mononuclear cells (PBMCs) from normal donors using Boyden chamber assays, as described previously. 24 Full details are in supplemental Methods.
ELISA
Interleukin 6 (IL-6) and IL-10 concentrations in culture supernatants were measured using Quantikine enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems).
Measurement of cell metabolism
Real-time measurements of the extracellular acidification rate (ECAR) were made using an XFp Extracellular Flux Analyzer (Seahorse Bioscience). Full details are in supplemental Methods.
Statistical analyses
Continuous variables were compared using the Mann-Whitney U (unpaired data) or Wilcoxon signed rank (paired data) tests. Correlation between continuous variables was assessed using Pearson's correlation coefficients. Full details are in supplemental Methods.
Results
The CLL LN is characterized by HIF-1a overexpression and activation Expression levels of HIF-1a and its direct target, carbonic anhydrase IX (CAIX), 25 were comparatively assessed in CLL and reactive LN samples (Table 1 ). In the CLL LNs, HIF-1a was intensely positive in areas corresponding to proliferation centers ( Figure 1A) , where intense reactivity for CAIX was apparent ( Figure 1A ). Multicolor immunofluorescence confirmed that dividing (Ki-67
cells in the proliferation center were CAIX 1 (supplemental Figure 1A) . In contrast, reactive LN obtained from nonleukemic patients showed dim positivity for HIF-1a and little or no CAIX staining ( Figure 1B ). In addition, there was an inverse correlation between the intensity of CAIX staining and the distance from the vessels, with cells in perivascular position being significantly less CAIX 1 than cells in other positions (supplemental Figure 1B) . This finding led to the hypothesis that HIF-1a and CAIX are markers of the level of hypoxia in the CLL LN. Confirmation was obtained using a xenograft model of CLL where human CLL cells and autologous activated T lymphocytes from CLL patients were injected into NOD/SCID/g chain 2/2 (NSG) mice. After 5 weeks, the spleen was infiltrated with large nodules of human CLL cells (CD20 1 ) and T lymphocytes (CD3 1 ), organized around a central blood vessel. These perivascular aggregates were HIF-1a 1 and CAIX 1 ( Figure 1C ; supplemental Figure 1C -D). Multicolor immunofluorescence indicated that both T and B lymphocytes were CAIX 1 (supplemental Figure 1D ). These findings clearly show that leukemic expansion is accompanied by increased expression and activity of the HIF-1a transcription factor mirroring the human disease. To confirm that HIF-1a and CAIX are expressed, at least partly, as a consequence of decreased oxygen tension, CLL xenografts were injected with pimonidazole hydrochloride (PIM), a compound that forms covalent bonds with cellular macromolecules at O 2 levels ,1.3%. 26 Spleen samples recovered for analysis 2 hours after PIM injection showed staining predominantly associated with human perivascular aggregates ( Figure 1C , right panel). Consistently, purified human CD45 1 /CD20 1 CLL cells were also PIM 1 by flow cytometry and confocal microscopy ( Figure 1D ).
Lastly, HIF-1a messenger RNA (mRNA) and protein levels were compared by RT-PCR in the PB, BM, and LNs of paired human CLL patient samples (n 5 12). The percentage of leukemic cells in these samples was always .80%. HIF-1a expression was highest in CLL cells recovered from the LN, as compared with the other 2 compartments ( Figure 1E -F), suggesting that genes under the control of HIF-1a are differentially modulated in the LN vs the BM or PB. Consistently, GLUT1 (SLC2A1), lactate dehydrogenase (LDHA), and PKM2 (PKM2) (supplemental Figure 1E) , known HIF-1a targets, [27] [28] [29] were present at the highest levels in cells obtained from the LN.
Hypoxia promotes adenosine synthesis, scavenging, and signaling in CLL cells
In consideration of the reported bilateral cross-talk between hypoxiaactivated HIF-1a signaling and the adenosinergic axis, 30, 31 we sought to determine whether hypoxia affected expression and function of ATP-degrading enzymes, as well as of adenosine receptors and transporters.
Although freshly purified CLL cells cultured at 1% O 2 did not change HIF-1a expression at the mRNA level, a marked upregulation of the protein was evident (supplemental Figure 2A-B) . These cells were also stained with anti-CAIX and anti-PIM antibodies (supplemental Figure 2C) .
Expression of CD39 and CD73 by CLL cells was compared 48 hours after culture under normoxia or hypoxia in a cohort of 40 CLL patients. CD39 (ENTPD1) was highly expressed by leukemic cells 14, 32 and was not significantly modulated by hypoxia ( Figure  2A, left panel) . On the contrary, CD73 (NT5E) expression varied considerably among patients, as expected. 14 In the subset with .30% CD19 1 /CD73 1 CLL cells (n 5 17), hypoxia invariably increased CD73 mRNA expression (Figure 2A, right panel) , while the modifications in the negative subset were not significant (supplemental Figure 3A) . In the .30% subset, we observed a positive correlation between NT5E and HIF1A mRNA levels (supplemental Figure 3B ), in line with data indicating a direct transcriptional control of NT5E by HIF-1a. 15 No association was apparent in the CD73 2 subset (supplemental Figure 3C) , suggesting that other regulatory mechanisms are in place.
At the protein level, CD39 was not significantly different in normoxic or hypoxic conditions ( Figure 2B , left panel), whereas the mean fluorescence intensity of CD73 increased under hypoxia, specifically in the positive subset ( Figure 2B , right panel). In consideration of the variability in CD73 expression and responses to HIF-1a activation, attention was focused specifically on the positive samples. Here, the adenosine 59-monophosphate (AMP)-degrading activity controlled by CD73 was upregulated in hypoxic CLL cells ( Figure 2C ; supplemental Figure 4A ). However, no significant increase in adenosine production was detected under hypoxic conditions ( Figure  2C -D). Since this finding could indicate that adenosine is further degraded to inosine, a reaction controlled by the enzyme adenosine deaminase, this hypothesis was tested and documented. We found that hypoxia promoted transcription and expression of CD26 (DPP4; Figure 2E ), which is a molecular anchor for adenosine deaminase. 33 This expression profile suggested that under hypoxic conditions, CLL cells upregulate the enzymatic machinery for ATP scavenging, with degradation of ATP to inosine and subsequent cellular uptake. Consistently, HPLC measurements of substrates and products confirmed inosine accumulation under hypoxia ( Figure 2C-F) . A net increase in adenosine production occurred only after inhibiting adenosine deaminase using erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA; Figure 2C -D). Furthermore, RT-PCR studies showed significant upregulation of the genes coding for equilibrative nucleoside transporters ENT1 and ENT2 (SLC29A1 and SLC29A2 genes; Figure 2G ), indicating that adenosine and inosine can be internalized. Expression of the A2A adenosine receptor (ADORA2A) was also markedly increased in hypoxic CLL cells ( Figure 2H ), while the other adenosine receptors remained expressed at very low levels (not shown). In line with the presence of a functional A2A receptor, crosslinking with the specific A2A agonist CGS21680 increased intracellular cyclic AMP (cAMP) levels, which were maximal in cells cultured under hypoxia (supplemental Figure 5 ).
We then compared gene expression profiles of CLL cells obtained concurrently from a single patient's PB or LNs. The BM could not be included in this analysis because of limited sample availability. The results showed induction of NT5E, DPP4, SLC29A1, and ADORA2A in the LN samples ( Figure 2I ). Under these conditions, ENTPD1 was also upregulated, suggesting that the adenosineproducing capability is further enhanced in vivo. Upregulation of A2A suggests that adenosine signaling is active in the LN. Hypoxia, acting through the A2A receptor, induces metabolic adaptation of CLL cells, triggering protection from drug-induced apoptosis and production of IL-10
When deprived of oxygen, tumor cells quickly promote energy production through glycolysis. 34, 35 This metabolic adaptation is transcriptionally mediated by HIF-1a. In addition, several reports indicate that signaling through the adenosine receptors can stabilize HIF-1a, activating metabolic responses. 36, 37 Here, we observed that culture of CLL cells under hypoxic conditions was followed by significant modifications in basic metabolic processes. In agreement with published data, 38, 39 we observed that under normoxia, CLL cells predominantly obtain energy through oxidative phosphorylation (data not shown). However, at 1% O 2 , CLL cells markedly increased expression of genes involved in glycolysis, including the glucose transporter GLUT1, the lactate transporter monocarboxylate transporter 4 MCT4 (SLC16A3), LDHA, and PKM2, all of which control key steps in glycolysis ( Figure 3A ). Dynamic monitoring of metabolic responses confirmed a sharp increase in glycolysis, as observed in purified cells from 8 patients ( Figure 3B ). The glycolytic capacity and total glycolytic flux, which are extremely low under normoxic conditions, rose sharply when CLL cells were cultured in 1% O 2 for 48 hours. Addition of the A2A inhibitor to hypoxic cell cultures almost completely inhibited this metabolic adaptation, directly linking adenosine signaling to central metabolic programs ( Figure 3B ; supplemental Figure 4B ). Hypoxia-induced metabolic changes impinge on vital cellular functions, as previously shown for macrophages and T lymphocytes, 40, 41 where a shift to glycolysis increased survival. Furthermore, A2A signaling in CLL was related to protection from apoptosis.
14 These 2 observations prompted us to ask whether hypoxia protected from drug-induced apoptosis and, if so, whether this effect was A2A mediated. Data indicate that apoptosis induced by ibrutinib, a Btk inhibitor with considerable efficacy in this disease, or by fludarabine, one of the most commonly used chemotherapeutics, was significantly reduced under hypoxia ( Figure 3C ; supplemental Figure 6A ). No modification in the expression of Btk under hypoxia was apparent (supplemental Figure 6B) . The A2A-specific antagonist SCH58261 restored toxicity of ibrutinib or fludarabine on CLL cells, confirming that the effect is mediated at least partly through the A2A receptor ( Figure 3C ).
Lastly, within tumors, both hypoxia and adenosine have immunosuppressive functions mediated through cytokine secretion, including IL-10, 35, 42 and a glycolytic switch was recently associated to the acquisition of a regulatory phenotype in T cells. 41, 43 In keeping with these observations, CLL cells cultured under hypoxia sharply upregulated IL10 mRNA ( Figure 3D ), the hallmark cytokine of regulatory B cells. 44 This upregulation appeared partly mediated through A2A signaling, as receptor blockade with SCH58261 prevented IL-10 increase. Consistently, a high number of IL-10 1 CLL cells were detected in CLL LN, in contrast to reactive LN sections ( Figure 3E-G) . The IL-10 1 population was clearly labeled by B-cell (CD20, full arrows) and T-cell (CD2, open arrow) markers and included proliferating (Ki-67 1 ) cells ( Figure 3G , arrowheads).
In conclusion, lowering oxygen tension in CLL cells is followed by a metabolic shift to glycolysis, which favors survival and the acquisition of a B-regulatory phenotype, mediated, at least in part, through A2A.
Hypoxia induces adenosine production in macrophages
Macrophages are key components of the microenvironmental architecture of CLL. 45 They are also termed NLCs, exhibit the hallmarks of alternatively activated or type 2 macrophages (M2), and secrete cytokines supporting tumor growth and suppressing immune responses. 46, 47 Comparative analysis of the expression of ATP-metabolizing enzymes in NLC revealed dramatic upregulation of CD73 under hypoxia ( Figure 4A ). CD39 and CD26 were constitutively expressed at high levels and were not significantly modulated by hypoxia ( Figure 4B ). Consistently, supernatants from NLC cultures challenged for 30 minutes with extracellular AMP showed marked upregulation of adenosine concentrations, in contrast to their normoxic counterparts ( Figure 4C ). Addition of the adenosine deaminase inhibitor EHNA further increased adenosine production, suggesting that part of the product is then converted to inosine ( Figure 4C ).
Both mRNA and protein levels of A2A were markedly increased under hypoxia ( Figure 4D ), while in CLL LNs, levels showed a distribution similar to those of CD68 (supplemental Figure 7A) . Multicolor confocal immunofluorescence indicated that A2A and CD68 were coexpressed ( Figure 4E) . A subset of CD23 1 B cells also stained positive for the A2A receptor, confirming the gene profiling data ( Figure 4E ). Furthermore, treatment of NLCs with the A2A agonist was followed by activation of AKT/phosphatidylinositol 3-kinase and MAP kinases ( Figure 4F ), suggesting that the receptor is functional. Phosphorylation of STAT3 and nuclear localization of p65 subunit of the NF-kB complex was detected, consistent with activation of transcription ( Figure 4F-G) . Retention CD206 and CD163, paralleling the effects exerted by hypoxia ( Figure 5A-B) . Inhibition of expression of these markers by the A2A antagonist showed that the effects of hypoxia were partly mediated through the activation of the adenosinergic axis ( Figure 5A-B) .
Gene expression profiling revealed upregulation in hypoxic conditions of the interferon regulatory factor 4 (IRF4) transcription factor ( Figure 5C ), a master regulator of M2 differentiation, and of the tryptophan-metabolizing enzyme indoleamine 2,3-dioxygenase (IDO), an immunomodulatory enzyme produced by M2 macrophages ( Figure 5D ). 48 Culture with the antagonist prevented their overexpression, confirming that these effects are mediated through A2A (Figure 5C-D) . We also detected a marked upregulation in CCL3 mRNA ( Figure 5E ), suggesting that the increased number of differentiated macrophages upon hypoxia depends on increased recruitment of myeloid cells. In line with this hypothesis, chemotaxis of normal monocytes was maximal toward spent media of NLCs cultured under hypoxia. Furthermore, chemotaxis was increased in the presence of the A2A agonist and prevented by the antagonist ( Figure 5E ). Likewise, synthesis of IL-6, which provides growth signals to CLL cells, was increased under hypoxia ( Figure 5F ). All these effects were mimicked by the A2A agonist under normoxia and prevented using the antagonist ( Figure 5E-F) .
Lastly, NLCs differentiated under hypoxia were stronger supporters of CLL cell survival than those differentiated under normoxia. This was evident in normal conditions (data not shown) and upon treatment with ibrutinib ( Figure 5G ). Exposure to the A2A antagonist decreased leukemia cell survival, albeit incompletely, further supporting the hypothesis that the adenosinergic axis mediates the hypoxic phenotype.
Hypoxia suppresses T-cell responses and induces regulatory T cells in an A2A-dependent manner
To address the role of hypoxia in the T-cell compartment, PBMCs from CLL patients were cultured under 21% or 1% O 2 in the presence of anti-CD3/CD28 activating antibodies and IL-2. After T-cell expansion for 5 to 7 days, CD19 2 /CD5 1 lymphocytes were sorted and used for further studies. Analysis of CD3 expression confirmed that .95% of these cells were T lymphocytes (supplemental Figure 8A ).
CD4
1 and CD8 1 T lymphocytes activated with anti-CD3/CD28 activating antibodies proliferated significantly less under hypoxia than under normoxia ( Figure 6A ; supplemental Figure 8B ). The dramatic increase in A2A expression under low O 2 tension (supplemental Figure 8C) suggested that inhibition of T-cell proliferation was obtained through the adenosinergic axis, as shown previoulsy. 49 Consistently, ligation of the A2A under hypoxia further decreased T-cell proliferation, while the SCH58261 antagonist partially rescued it ( Figure 6A ; supplemental Figure 8B ).
Hypoxia markedly modified central metabolic pathways, with upregulation of the glucose and lactate transporters and of LDHA and PKM2 ( Figure 6B ). This phenotype indicates a metabolic switch toward reliance on glycolytic mechanisms, which are linked to antigen-specific T-cell activation. 50, 51 Similarly, after dynamic measurement of the ECAR, we found that hypoxic T cells increased their basal and maximal glycolysis more than normoxic ones ( Figure 6C ). The A2A antagonist prevented these changes, indicating that the receptor participates in the metabolic adaptation of T lymphocytes ( Figure 6B-C) .
Activation of glycolysis promotes the development of a population of T cells with a regulatory phenotype and suppressive properties. 41, 43 Accordingly, the percentage of T cells with a CD4
1 /CD25 high / CD127 low was higher in hypoxic than normoxic cultures of PBMC, without any activation ( Figure 7A ). Likewise, activation of CLL T lymphocytes under hypoxia increased expression of the FoxP3 transcription factor (FOXP3; Figure 7B ). The finding of significantly higher numbers of FoxP3 1 regulatory T cells (Tregs) in the CLL LN than in reactive specimens ( Figure 7C ) pointed to a role of HIF-1a signaling in directing T-cell differentiation in the CLL LN. Expansion of Tregs under these conditions could be due, at least in part, to the documented upregulation of transforming growth factor b (TGF-b), which causes the conversion of naive T cells into Tregs 52 ( Figure 7D ). In keeping with a suppressive phenotype of hypoxic T cells, interferon g (INFG) mRNA levels were significantly reduced ( Figure 7E ). Lastly, hypoxia robustly induced PD-1 (PDCD1), IL-10 (IL10), and vascular endothelial growth factor (VEGFA) expression and secretion by activated T cells (Figure 7F-G; supplemental Figure 9A ), suggesting that their suppressive effects are exerted through cell-bound and soluble mechanisms. Confocal microscopy confirmed that within the CLL LN a high proportion of CD4 1 T cells express the immunoinhibitory receptor PD-1 ( Figure 7F ; supplemental Figure 9B ). 53 Moreover, the finding of a population of 
Discussion
This study shows that the LN of CLL patients, in particular their proliferation centers, are characterized by overexpression and activation of HIF-1a. It also shows that activation of this transcriptional program favors tumor growth and survival while weakening immune responses by acting both on tumor and on bystander cells. These effects are partially attributable to increased adenosine production and signaling via the A2A receptor, arguing in favor of its therapeutic targeting.
Several indications point to hypoxia as the main activator of HIF-1a expression and signaling. First, we observed a modest but highly significant gradient in the expression of CAIX, the HIF-1a target employed to stain LNs. CAIX positivity was less intense in the perivascular areas than in other parts of the tissue, suggesting that its expression is inversely correlated to the distance from the vessel. Secondly, we found that PIM, a compound that binds covalently to sulphydryl group-containing molecules in hypoxic tissues, stained human leukemic infiltrates in spleen sections of a xenograft model of CLL. 54 Thirdly, in paired samples of PB, BM, and LN, we observed a gradient of expression of HIF-1a and its targets, with highest levels in the LN, followed by BM and PB. 55, 56 These findings led us to consider the possibility that hypoxia is functionally relevant for CLL cells. We therefore decided to investigate the consequences of hypoxia in leukemic cells and the main cellular components of the proliferation center. Under hypoxia, CLL cells rapidly adapted their metabolism by upregulating genes involved in glycolysis. This metabolic adaptation was recently described for macrophages and T cells, where it was linked to increased survival and appearance of an immunosuppressive phenotype. 40, 43 Consistently, hypoxia protected CLL cells from drug-induced apoptosis and triggered production of IL-10, which is considered the hallmark cytokine for regulatory B cells. 57 Monocytes in hypoxic conditions differentiated more readily into M2 macrophages, becoming more efficient supporters of CLL survival, while T lymphocytes showed impaired proliferation and increased expression of Treg markers. The effects converged to create ideal conditions for tumor growth in closed environments. On one hand, hypoxia made leukemic cells more resistant to environmental stresses and more responsive to proliferative signals. On the other hand, it modified bystander myeloid and T cells, depressing immune responses and enhancing tumor-supporting properties.
A common effect of hypoxia in the CLL niche was strong induction of adenosine production, which was generated mainly by macrophages. Macrophages differentiated under low O 2 tensions became strongly CD73 1 and significantly upregulated their adenosineproducing capacity, without meaningful inosine conversion. Consequently, it appears that macrophages are the cells that produce the highest levels of extracellular adenosine in the CLL niche. The second major observation of this paper is that hypoxia strongly upregulates the A2A receptor in all cell types analyzed, including CLL cells, macrophages, and T lymphocytes. This finding suggests that macrophage-generated adenosine may have both autocrine and paracrine effects. Inhibitors of the A2A receptor reversed many of the hypoxia-induced effects, in a lineage-specific way. In CLL cells, we found that it prevented the glycolytic switch, restoring full responses to drugs and blocking IL-10 production. This mechanism may be linked to blockade of A2A signaling, with decreased intracellular cAMP levels in turn inhibiting cAMP-dependent protein kinase A (PKA). In line with this hypothesis, recent evidence 58 indicates that PKA is a HIF-1a-interacting protein positively regulating expression of HIF-1a target genes. Likewise, PKAmediated activation of the transcription factor cAMP response element (CRE) binding protein (CREB) induces IL-10 production, 59 providing a direct link between A2A signaling and regulation of gene expression.
In macrophages, there are 2 observations that indicate that activation of the A2A receptor recapitulates the effects of hypoxia. First of all, the A2A agonist under normoxia promoted differentiation of macrophages with an alternatively activated phenotype and functional properties. Secondly, the antagonist used in hypoxic cultures partially reverted the hypoxia-induced phenotype. This is a relevant point, because it suggests that pharmacological modulation of the adenosine axis could revert the hypoxic phenotype. In T lymphocytes, inhibition of adenosine signaling using A2A inhibitors restored T-cell proliferation as well as secretion of Th1 cytokines. The finding in CLL LNs of exhausted T cells suggests that this is a relevant phenomenon in vivo and that therapeutic targeting of the adnosinergic axis could restore T-cell competence, as shown in other models. 41, 43, 60, 61 Several labs have linked the adenosinergic axis to tumor transformation and have provided evidence that inhibition of adenosine production or signaling are effective in preventing tumor growth and/or diffusion. [62] [63] [64] [65] Monoclonal antibodies to CD39 66 and to CD73 67 have shown preclinical efficacy in solid tumor models, as have antagonists of the adenosine receptors. 68 Another proposal is to increase O 2 concentrations throughout the body, thus preventing adenosine generation and subsequent signaling. 69 No matter what therapeutic strategy is adopted, inhibiting adenosine formation and signaling appears to be a sound approach to combating local conditions favorable to the tumor. A combination of "adenosine inhibition" therapies with drugs that directly target the tumor or restore immune functions, such as checkpoint inhibitors, could represent a winning strategy for a still-incurable disease such as CLL.
